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Abstract 

The /3-delayed charged particle emission from 11 Li has been studied with emphasis 
on the three-body na 6 He and five-body 2a3n channels from the 10.59 and 18.15 MeV 
states in 11 Be. Monte Carlo simulations using an R-matrix formalism lead to the 
conclusion that the ^He resonance states play a significant role in the break-up of 
these states. The results exclude an earlier assumption of a phase-space description 
of the break-up process of the 18.15 MeV state. Evidence for extra sequential decay 
paths is found for both states. 
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1 Introduction 



The nucleus 11 Li has provided many challenges to nuclear physicists over the 
last decades, see e.g. [TJ for a recent overview. Its beta-decay presents one of 
these challenges that have not yet been fully solved. The large Q-value (20.68 
MeV) for the /3 decay and the low particle separation energies in the daughter 
11 Be implies that many decay channels are open. The most extreme channel 
has a five-body final state consisting of two alpha particles and three neutrons. 
Decays into this channel, a miniature multifragmentation, and the fact that the 
constituents (n and a) are barely kept together allows structure interpretations 
in terms of cluster or few-body models to be tested. On the experimental side, 
a thorough investigation of the decay is only possible through the recording of 
the decay products in coincidence. This has so far only been reported in one 
earlier experiment [2] that had a quite limited angular resolution. 

The n Li /3-decay involves the largest number of decay channels ever detected 
and experimental results have been reported for /3n [3], /32n [3], /33n [5], (3i 
[5] and [3d |7J. The established channels involve the emission of a particles 
(2a+3n), 6 He ( 6 He+a-|-n), tritons ( 8 Li+t), deuterons ( 9 Li+d) and the emis- 
sion of In and 2n feeding states in 10 Be and 9 Be, respectively. The /3-delayed 
charged particle emission of n Li has been the subject of several previous stud- 
ies [2116117118] . The two channels involving coincident a particles were studied in 
one previous experiment [2]. The 2a3n channel was established to have con- 
tributions from the break-up of two states in 11 Be, one at 10.59 MeV and the 
other at around 18.5 MeV. The 6 Hean channel was established as the 6 He+o; 
break-up of a state at about 9.4 MeV in 10 Be fed in the neutron decay of the 
10.59 MeV state in n Be. 

By means of a gas-detector telescope for particle identification, the different 
6 Hean, 2a3n, 10 Be+n, 9 Be+2n, 8 Li+t and 9 Li+d decay channels of the ~18.5 
MeV state in n Be and its branching ratios were determined [8]. An R-matrix 
analysis established the energy of this state to be 18.15(15) MeV. The large 
reduced width of the 9 Li+d channel with respect to the Wigner limit [5] was 
interpreted as evidence of the 11 Li(gs) /3-decaying directly into the 9 Li+d con- 
tinuum. 

A recent fi-j-n coincidence experiment using polarized n Li [10J determined 
the spin and parity of several levels fed in n Be (E<11 MeV). In that work 
the 10.59 MeV level was found to contribute to the neutron spectrum via 
transitions to the 10 Be(gs) and tentatively to the first 2 + state at 3.4 MeV 
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Fig. 1. Partial n Li /3-decay scheme of the 11 Be levels above the charged particle 
threshold. The decay channels shown are taken from |2|8|llj . 

and to the unresolved doublet at ~9.27 MeV (4") and 9.4 MeV (2+). The 
/3-decay asymmetry of these three neutron transitions consistently determines 
the spin and parity of the 10.59 MeV level in n Be as 5/2". Its 210(40) keV 
width was determined from the reaction 9 Be(t,p) 11 Be |12j . 

Additional information about the decay of the 10.59 and 18.15 MeV states in 
11 Be is obtained from three- neutron emission probability, which is equal to the 
branching to the five body (2a3n) final state. From the average branching ratio 
to the only bound state in n Be, and the P2n/Pin, P3n/Pin ratios determined 
by Azuma et al. [5 J a value of P3„=1.9(2) % is obtained. 



The different experiments summarized above paint a fairly complicated picture 
of the /^-delayed charged particle break-up of 11 Li. It is neither well understood 
which levels in 11 Be are contributing to the charged particle channels nor their 
break-up mechanisms. One should notice that significant /?-decay strength in 
the 10-18 MeV energy range is predicted in shell model calculations [13] . 

Fig. [1] shows schematically the n Li /3-fed states in n Be above the charged par- 
ticle thresholds and the decay channels discussed above as established prior to 
this experiment. Since it is still not clear whether the 9 Li+d channel proceeds 
sequentially through a state in n Be at 18.15 MeV or directly from n Li [8], 



3 



Fig. 2. Left: A photo of the cubic frame where the DSSSD's were mounted. Right: 
schematic view of the detectors as they were placed in the cube. A prototype tele- 
scope (not used in this analysis) is shown in the lower part of the drawing. The 
DSSSD Dl is on the picture plane. 

the figure displays both possibilities as dashed lines. 

The main aim of the present paper is to provide significantly improved data 
on the /3-delayed branches, especially those including two charged particles. 
These data allow a leap to be taken in the description of the break-up process 
following the weak decay. The interpretation presented here is based on known 
resonances in 11 Be and intermediate nuclei in the decay chain. We consider 
not only decays through 10 Be, but also channels involving A He intermediate 
resonances. The following section describes the experiment, section 3 presents 
the analysis of the data, and the final section summarizes the results. 



2 Experiment 

The experiment was carried out at the ISOLDE PSB Facility at CERN, where 
the n Li activity was produced in fragmentation reactions in a Ta target irradi- 
ated with 1.4 GeV protons from the CERN PS Booster. The target container 
was connected to a surface ion source and the produced ions were accelerated 
to 30 keV. The 1 + lithium ions were mass selected from the different iso- 
bars using the General Purpose Separator. The n Li beam was subsequently 
brought to the center of the particle detector setup where it was stopped in 
a 60 ng/cm 2 carbon foil. The use of a thin foil, which minimizes the energy 
loss of the emitted charged particles, was possible due to the low acceleration 
voltage used in this experiment. 

The setup, shown in Fig. [2l consisted of 4 particle telescopes with thin double- 
sided silicon strip detectors (DSSSD) in front stacked with thick silicon pads, 
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for (3 detection. The telescopes were mounted on the surfaces of a 10x10x10 
cm 3 cubic frame, each covering 4% of An. Charge collection in these DSSSD's 
was carried out by 16 vertical and 16 horizontal strips, constituting 256 de- 
tector pixels, with an angular resolution of ~3.5°. Each telescope combines 
large solid angle with high segmentation which gives large coverage with good 
angular resolution. The geometry of the setup defines three possible types 
of two-particle coincidences, depending on which detectors were hit. Hits in 
DSSSD D2 and DSSSD D4 (see Fig. |2J), classified as 18 OP coincidences, covered 
angles from 127° to 180° between the detected particles. Hits in DSSSD D3 
and either DSSSD D2 or DSSSD D4, classified as 90° coincidences, covered 
angles from 37° to 143° between the detected particles. Finally, coincidences 
detected in the same detector, classified as 0° coincidences, covered angles 
from 0° to 50° between the detected particles. From here on we will concen- 
trate on the 180° coincidences, which have an efficiency estimated from the 
simulations of 5% on average. 

The silicon detectors were calibrated using standard 1 Gd and triple alpha 
sources ( 239 Pu, 241 Am and 244 Cm) . Furthermore, the effective thickness of the 
carbon foil used as stopper was obtained from the analysis of the a particles 
coming from an online 20 Na beam implanted in the foil before and after the 
experiment. The energy losses in non-active layers, such as the carbon-foil 
and the surface dead-layer of the silicon detectors are approximately 100 keV 
for a particles of energies around 1 MeV. Since 60% of the n Li /3-delayed 
charged particles are expected to be emitted with 1 MeV energy or less [8], 
it is crucial to take these energy losses into account. The method developed 
within our collaboration [T4j takes advantage of the highly segmented nature 
of the DSSSD's to precisely define the path of the detected particle and thus 
allowing for the reconstruction of the energy losses in the non-active layers. 
The combined effect of the dead-layers and low energy noise gives detection 
thresholds around 180 keV. 



3 Analysis 

The use of highly segmented DSSSD detectors gives to this experiment a 
significant advantage compared to the previous studies of the 11 Li /3-delayed 
charged particle emission. By using segmented detectors not only the energy 
of the particle is measured but also its direction with a good suppression 
of unwanted (3-a and /5- 6 He pile-up events. This technique has successfully 
allowed to determine the decay mechanism of states in 9 Be [TBlfTB] , 9 B [T7] and 
12 C [18]. We apply here this technique to the study of the decay mechanism of 
the 11 Li /3-delayed 6 Hean and 2a3n channels, trying to determine which levels 
in 11 Be and 10 Be are involved. Moreover we discuss the possible role played 
by the 7 He and 5 He resonances in the break-up of /3-fed n Be states. 
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Fig. 3. Left: The energy sum of Li /^-delayed coincidence spectrum collected dur- 
ing the first 40 ms after the proton impact. The red dashed histogram is the result 
of a Monte-Carlo simulation of the charged particle decay channels as described in 
the literature |2)8| . The inset shows the same sum energy spectrum for a longer 
time window (t<200 ms). The peak appearing at 1.2 MeV, indicated by an arrow, 
corresponds to the break-up into 7 Li+a of the 9.88 MeV state in the granddaugh- 
ter n B. Right: Fig. b shows the energy-vs-energy scatter plot for charged particle 
coincidences between the D2 and D4 opposite detectors for t<40 ms. The major 
features of the plot are the intensity at low energy and the transverse line at low 
energies (corresponding to peaks at 0.7 and 2.2 MeV in figure a). The scatter events 
at high energy form two lobes (at around 30 and 60 degrees). 



We concentrate here on the analysis of Li /3-delayed double coincidences de- 
tected in the DSSSD's. The n Li /3-delayed events are enhanced over daughter 
activities by gating on the first 40 ms after the proton impact on the target. 
The combined effect of the release from the target and the half-life of n Li 
(Ti/2=8.5(2) ms [19]) makes this time window optimum for the study of the 
n Li activity with minimum contribution from the /3-delayed 7 Li+a branch of 
the daughter nucleus n Be (see Fig. [3b). The particle emitting channels follow- 
ing n Li /3-decay are 5-body 2a3n, 3-body na 6 He, 2-body 8 Li+t and 9 Li+d. 
All these channels involve the emission of two charged fragments, but the low 
recoil energy of the 9 Li ions (< 160 keV [8]) makes the contribution of the 
9 Li+d channel negligible. The 8 Li +t channel is sorted out from the data by 
kinematics. The deduced branching ratio of 0.014(3)% is in agreement with 
the literature value [7118] . The total number of events assigned to this decay 
channel, 224, is less than 3% of the total coincidence events. Thus, the study 
of the charged particle coincidences greatly enhances the 5-body and 3-body 
channels. 
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Table 1 

Level centroid and reduced widths used in the R-Matrix description of the states 
modeled in the Monte-Carlo code. The T was obtained from a gaussian fit of the 
R-matrix peak directly. 





E (MeV) 


7 2 (MeV) 


r (MeV) 


Ref. 


n Be(10.59 MeV) 


10.59 


0.21 


0.227 


m 


n Be(18.15 MeV) 


18.15 


0.07 (3-body) 
0.06 (5-body) 


0.8 


m 


10 Be(9.5 MeV) 


9.52(2) 


0.21 


0.30(4) 


This work 


7 He(gs) 


0.43* 


0.4 


0.148(1) 


mi 


6 He(2+) 


1.8 


0.113 


0.117(1) 


mi 


5 He(gs) 


0.895* 


2.5 


0.658(4) 


mi 



* above the 6 He+a threshold. 

* above the a+n threshold. 

The study of the charged particle emission in n Li is connected with several 
experimental difficulties. First, we lack complete kinematics information in 
the five body channel, as we cannot reconstruct the three missing neutron 
momenta. Second, although it is possible to calculate the missing neutron 
momentum in the three body channel, the lack of particle identification in 
our setup, makes the reconstruction rather inaccurate. Because of these short- 
comings, the analysis concentrates on studying direct observables, the individ- 
ual energy and direction of the detected particles and simple transformations 
of these energies, such as sums and differences. The sum energy spectrum 
enhances the contribution of the channels where the two detected particles 
formed a resonance. The energy difference, defined as E' = -^(E D2 — E m ), is 
the best parameter to enhance channels where the decay kinematics group the 
events across the scatter plot instead of scattering them evenly, as expected 
from pure phase space kinematics. 

Fig. (3]3 shows the sum energy spectrum corresponding to the coincidences 
observed in the two opposite detectors D2 and D4 for a time interval t<40 
ms. The sum energy spectrum compares well with the one previously measured 
(see Fig. 10 of Ref. 0). The 0.7 and 2.2 MeV peaks were assigned to the 
break-up of the 10.59 MeV state in n Be [T2] into 5-body (2a3n) and 3-body 
(nct 6 He) channels, through an intermediate state in 10 Be around 9.5 MeV, 
see Fig. [TJ The continuous distribution at higher energy was assigned to the 
5-body break-up of the 18.15(15) MeV state in n Be [2|8] . In the inset of Fig. 

the sum energy spectrum for the first 200 ms after the proton impact 
is shown. For this longer time interval a low intensity peak at around 1.2 
MeV appears, corresponding to the decay channel of the daughter nucleus 

n Be n B* — > 7 Li+a (T 1/2 =13.81(8) s [H]). This channel was used for 
normalization of the branching ratios as explained later on. 
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Fig. 4. Left: Monte-Carlo simulation of the expected E£>2 vs J^da scatter plot of 
the 11 Li /3-delayed charged particles assuming the decay channels proposed in Refs. 
[218] . and schematically shown in Fig. [TJ The main features are reproduced. How- 
ever, the high energy distribution, modeled as phase-space of the n Be(18.15 MeV) 
level breaking into 3-body and 5-body particles, is very different from the experi- 
mental one shown in Fig. [3{). In particular there are very few events with charged 
particles of high energies. Right: Fig. b shows the Ed2 vs E^>4 scatter plot of the 
Monte-Carlo simulation of the n Li /3-delayed charged particle break-up including 
the new channels through He isotopes listed in Table El 

The red dashed histogram in Fig [3h shows a Monte-Carlo simulation of the 
charged particle energy distribution assuming the previously described decay 
channels (Fig. [1]). The detector efficiency for each channel is included in the 
simulation. The 10 Be and n Be levels are described using R-Matrix theory fol- 
lowing the approximation given in the Appendix of Ref. [20]. The parameters 
of the 10.59 MeV state in n Be were taken from the 9 Be(t,p) reaction [12] while 
those for the 18.15 MeV state were taken from [8]. The study of the three body 
na 6 He break-up channel through 10 Be* states allows a determination of the 
energy and width of this intermediate state from a fit of the relative energy 
of the detected 6 He and a particle. The energy and width of the intermediate 
state in 10 Be obtained from the fit are 9.52(2) and 0.30(4) MeV respectively. 
Previous reaction studies indicated the existence of excited states in 10 Be in 
this energy region. In neutron exchange reaction an state is identified with 
energy and width values of 9.4 MeV and 290(20) keV respectively [21] ■ In a 
recent Li( 7 Li,a; 6 He)a: reaction study [22] a level is found at 9.56(2) MeV exci- 
tation energy and 141(10) keV width. Including a narrow state with the latter 
values in our simulation deteriorates the fit considerably. Due to the difference 
between our results and the one of reference [22] we cannot conclude that it is 
the same level. The different parameters used in the Monte-Carlo simulation 
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Table 2 

/3-fed states in 11 Be above the charged particle thresholds and their break-up chan- 
nels. 

Decay channels proposed previously. Decay channels from this work. 



n Be(10.59) 


^ 10 Be(9.5) 


^ 6 He m 
-» 2a3n [2] 


^ 10 Be(9.5) 

n Be(10.59) 

^ 7 He(gs) 


^ 6 He 
-> 2a3n 
^ 6 He 


n Be(18.15) 


— ► 2o3n [2] 
-> na 6 He [8j 




— > 6 He(2+)+ 5 He(gs)- 

n Be(18.15) 

JVHe(gs) 


-> 2a3nt 
^ 6 He 



t Up to a 20% admixture of the 11 Be(18.15)— >2a3n direct channel cannot be 
excluded (see text). 



are given in Table HJ 

Fig. [3t shows the scatter plot corresponding to coincidence events observed 
in the opposite detectors D2 and D4 for times t<40 ms. The most significant 
features of the plot are the intensity at low energy and the accumulation of 
events forming a transverse line at low energy, corresponding to the two peaks 
at 0.7 and 2.2 MeV in the sum energy spectrum. Careful inspection of the high 
energy region reveals that the coincidences are not evenly distributed, they 
rather form two elongated bumps or lobes, highlighted by the black dotted 
lines. Comparison of the experimental scatter plot of Figs. [3p and the Monte- 
Carlo simulation, shown in Fig. Hfr indicates that although the main features 
of the data are reproduced by the simulation, the distribution of the high 
energy coincidences is not. This is not a surprise, as the 5-body and 3-body 
break-up of the 18.15 MeV state in n Be are simulated using a phase space 
momentum distribution, which neglects the role of possible structure effects. 

As just noted, the incline of the lobes in the scatter plot of Fig. Et> corresponds 
to lines of slope 7/4 and 4/7. This structure corresponds to a mass-asymmetric 
two-body break-up where the initial state is broad. The only mass 4 and 
mass 7 isobars energetically allowed for n Li /3-decay are 7 He+<x This comes 
naturally, as alpha emission is common to all Be isotopes. Furthermore, the 
7 He(gs) is the only resonance in 7 He below the a+3n threshold, see Fig. [TJ 
thus it is a natural choice as intermediate state in the 3-body break-up of 
11 Be, i.e. 11 Be(18.15 MeV)—* a+ 7 He(gs)— >n+ 6 He+<x The energy distribution 
of this decay channel appears as two body break-up, it keeps memory of the 
first step if this Q value is much larger than the second one. It is known that 
the 7 He(gs) is situated 430 keV above the 6 He+n threshold [IT] , therefore the 
recoil energy given by the emission of the neutron will be low (61 keV). Thus, 
the distribution of the two detected charged particles, a and 6 He, in the scatter 
plot will kinematically be very close to a two body break-up, but broadened by 
the recoiling neutron. Other possible intermediate steps involving the ground 
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Fig. 5. Left: Sum energy spectrum in blue, Monte-Carlo simulation including the 
^He channels in red. The different break-up channels are also shown, with color 
code according to the legend. Right: Spectrum of the energy difference, E' , for 
events with 8.2<E sum <10 MeV compared to two Monte-Carlo simulations: in red 
the one including the 7 He(gs) and in green the one corresponding to the 5-body 
phase-space break-up channel. The contribution of the 7 He(gs) channel is necessary 
to successfully reproduce the central dip in the experimental distribution. 

state of 6 He and the 5 He(gs) resonance would also end up in the 3-body na 6 He 
channel, but in this case the slope of the two bands would be 6/5 and 5/6, 
quite different from the experimental distribution. 

It is important here to point out that the 3-body break-up of the n Be states 
through the ground state of 7 He cannot be the only decay channel, as in previ- 
ous experiments a factor of roughly 5 a particles per 6 He ion was determined 
[BJ. This implies that the majority of the high energy events correspond to the 
2a3n channel. However, the phase space description of the 2a3n channel is not 
able to explain the energy distribution of coincidence events. On the contrary, 
if sequential decay is assumed, the first step could be 6 He(2 + )+ 5 He(gs), as 
both states are above the ct+2n and a+n thresholds, resulting in the 2a3n 
final channel. This channel is a very good candidate, as the states are broad, 
widths of 0.113 and 0.648 MeV respectively [llj, spreading the coincidence 
data in a similar way as the 5-body phase space distribution, but with a dip 
in the central part, E D2 — E D4 , as observed in the scatter plot of Fig. 

A new Monte-Carlo simulation was performed. For the 10.59 MeV state in 
11 Be the two break-up channels from the literature [2] were included. Further- 
more, the break-up of the 10.59 MeV state into a+ 7 He(gs) was considered 
as a possible contributing channel, since the fingerprint of this channel was 
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Table 3 

Branching ratios for channels determined in this work following 11 Li /3-decay. The 
total branching ratio to charged particle emitting channels obtained in [2] is 3.1(9)%, 
compared to the value of 1.73(2)%. in our work. The n Li activity was deduced from 
the branching of the f3-( Li+a) decay channel of the daughter. 



Channel 




/3-feeding (%)t 


/3-feeding (%)* 


/3-feeding (%)§ 


n Be(10.59)- 


->n+ 10 Bc(9.5)-*2a+3n 


1.08(2) 


1.1(2) 


1.4(2) 


n Be(10.59)- 


-+n+ 10 Bc(9.5)^n+a+ 6 He 


0.227(5) 


0.23(4) 


0.29(4) 


n Be(10.59)- 


-» «+ 7 Hc^n+a+ 6 He 


0.0348(5) 


0.035(6) 


0.044(7) 


n Be(18.15)- 


^ 6 He(2+)+ 5 He^2a+3n 


0.337(7) 


0.34(5) 


0.43(7) 


n Be(18.15)- 


-» a+ 7 He^n+a+ 6 He 


0.057(1) 


0.057(9) 


0.072(10) 



t Only the statistical error is consider in this column, 
■f Including the normalization uncertainty. 

§ Assuming a 2% feeding to the ground state in 11 Be, stated as upper limit in 
previous works [25] . 



seen near the transverse line (see Fig. [3^) . Although this channel is expected 
to contribute with ten times less intensity than the decay through 10 Be, the 
X 2 fit of the sum energy spectrum improves by 20% if this channel is in- 
cluded. For the break-up of the 18.15 MeV state in n Be the new channels 
involving the 5_7 He resonances were considered. The \ 2 analysis of the en- 
ergy difference spectra indicates that up to a 20% admixture of the 5-body 
direct break-up channel is statistically equivalent to the simulation without 
any phase space contribution. Table [1] lists the parameters used to describe 
the various resonances involved and Table [2] summarizes the different decay 
channels included in this simulation. The resulting sum energy spectrum is 
shown Fig. 02. The experimental data and the Monte-Carlo simulation of the 
proposed channels are in excellent agreement. There is a minor discrepancy 
between the total simulation and the experimental spectrum at around 7.8 
MeV. This could suggest the contribution of another state in 11 Be, as pre- 
viously proposed [8"f2"5] . but the lack of statistics in this region prevents us 
from finding a conclusive explanation for this minor discrepancy. The great 
improvement achieved by including the sequential decay channels through the 
^He resonances is shown in the comparison of the new scatter plot shown in 
Fig. EJ> with the experimental one of Fig. [Sfr. This is further supported by an 
excellent fit of the coincidence energy spectrum. 

The energy difference distribution, E', in the 8.2<E£> 2 +Ed4<10 MeV region, is 
shown in the black histogram in Fig.[5j>. As mentioned before, the E' parameter 
enhances the decay channels where the detected particles are one from the first 
step and the other from the final resonance. We chose this high energy region 
because one or maximum two channels could contribute to the spectrum. The 
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phase-space break-up Monte-Carlo simulation is shown in dashed green in Fig. 
|5f), while the sequential break-up including the 7 He(gs) channel is shown in 
dashed red. The data show a distribution with a clear dip in the middle that 
is contradicted by the phase-space model. On the other hand, the inclusion of 
the He+a channel nicely reproduces the double peak shape of the plot. This 
region is clearly dominated by the 7 He(gs) channel (see the black dashed line 
in Fig. [5jz). 

Table [3] shows the branching ratios to levels in n Be obtained in this work. 
The values were calculated from the intensity distribution of the Monte- Carlo 
simulation, rather than from the direct experimental data, as the experimen- 
tal coincidence efficiency is difficult to determine. In order to normalize the 
,5-branching ratios we need to estimate the absolute n Li activity. The ac- 
tivity was evaluated using the known branching ratio of the daughter, 11 Be, 
decay into 7 Li(gs and l/2~)+a. The n Li /3-decay branching ratio to the first 
excited state in 11 Be, 7.4(3) %, is the weighted average of the values from 
[24"|25f26ll27f28j . The value for n Be /3-decay branching ratio to the 9.8 MeV 
state in n B is 2.9(4) % [29J. The values shown in the second column in Table 
[3] were obtained assuming negligible /3-feeding to the n Be ground state. The 
third column shows the branching ratios obtained assuming 2% /3-feeding to 
the n Be ground state. A possible source of uncertainty in the estimation of 
the (3- feeding values is the presence of 11 Be ions in the incoming 11 Li beam. 
Direct production of n Be up to a few percent of the n Li beam has been ob- 
served previously at ISOLDE [23]. If this is the case, the branching ratios will 
increase in the same few percent as the direct production of n Be. 

Comparison with previous branching ratio values [2] is not considered perti- 
nent. Although the energy and width of the states in n Be are taken from the 
literature [T2f8] , the break-up channels are different in this and previous anal- 
ysis, thus resulting in different distribution of the j3 feeding. As an additional 
check, we compare the branching ratio of the 2a+3n channel to the published 
P 3n value, 1.9(2)% 023], obtained assuming no /^-feeding to the ground state. 
The value obtained in this work, 1.4(5)%, is smaller, but one has to take into 
account that the 2a3n breakup of the 10.59 MeV state has a distribution that 
is below our particle threshold. 



4 Summary and conclusions 

The charged particles emitted in the /5-decay of n Li have been measured in 
coincidence using a highly segmented setup. The coincidence energy spectrum 
can be explained mainly by the 2a+3n and n+a+ 6 He channels. The analysis 
presented in this work shows that the phase space energy description of the 
2a3n channel is not capable of explaining the correlations at high energy ob- 
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served in the /3-decay of n Li (Fig. [3fr). In particular the lack of events in the 
central region of the scatter plot is intriguing. This was also visible in Fig. 9 
of Ref. [2] although not considered by the authors, probably due to the low- 
statistics. This minimum forms two lobes of slopes 7/4 and 4/7 indicating 
the involvement of mass 4 and mass 7 nuclei in the first stage of a sequen- 
tial decay. This naturally brings A B.e isotopes into play, as they are involved 
in the break-up of all other Be isotopes. A Monte-Carlo simulation was per- 
formed including these channels, 11 Be(10.59, 18.15)— > a+ 7 He — > 6 He+a+n 
and 11 Be(18.15)^ 6 He(2 + )+ 5 He-^ 2a + 3n, plus the confirmed na 6 He break- 
up of the 10.59 MeV state in n Be through the 9.5 MeV state in 10 Be, whose 
energy and width have been determined in this work. The resulting simulation 
reproduces well the correlations observed in the scatter plot, thus rejecting a 
description of the break-up of the 18.15 MeV state in terms of phase space 
energy sharing only, although up to 20% mixture of direct break-up can not 
be statistically excluded. We also check the energy difference spectrum E D2 - 
Eda in the region where we expect the 7 He+a sequential decay channel to 
dominate. Neither 5-body 2a+3n break-up [2] nor 3-body na 6 He break-up 
[8] described by phase space energy distribution reproduces the structure ob- 
served in this spectrum. Only by introducing the sequential break-up through 
7 He(gs) into na 6 He final state we are able to explain the two-peak structure 
observed in the energy difference distribution, E'. 

The study of the 11 Li /3-delayed particle emission is an excellent tool to de- 
termine the highest excited states in n Be, a difficult task to be singled out 
by other experimental techniques. These results constitute a significant step 
beyond the previous /3-decay work [2J. The experimental data presented in 
this work indicate that the decay of excited states in n Be above the charged 
particle thresholds cannot be explained solely as a multi-particle break-up 
dominated by the phase space energy distribution. We conclude that A He res- 
onant states play a significant role in the sequential break-up of 11 Be excited 
states. This naturally suggests a more prominent role of nuclear structure ef- 
fects in the description of the break-up process of these states than previously 
assumed. 
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